The effect of microstructure on the stress corrosion behavior of Mg-Sn alloys was investigated using a bent-beam method. The effects of an Mg 2 Sn phase and Sn in the matrix on stress corrosion were investigated. Mg 2 Sn phase mainly formed at the grain boundary. The volume fraction of the Mg 2 Sn phase increased with increasing Sn content, and the morphology of Mg 2 Sn changed from spherical to a semi-continuous network. The average volume fractions of Mg 2 Sn phase increased from 0.07 ± 0.02% to 5.06 ± 0.92% as the Sn content was increased from 2 to 8 mass%. An increase in the amount of Mg 2 Sn phase increased the pit density, whereas dissolution of the Mg 2 Sn phase into the matrix resulted in decreased pit density. An intergranular cracking mode was observed. The solution heat treatment dissolved the Mg 2 Sn phase and eliminated the micro-galvanic corrosion due to Mg 2 Sn, thereby delaying crack initiation also enhancing stress corrosion resistance. Mg-8%Sn sample through solution heat treatment showed the best stress corrosion resistance.
Introduction
Mg alloys have received signi cant attention as green materials because of their low density, high strength/weight ratio, superior electric shielding, and good damping capacity 1, 2) . However, the poor corrosion resistance of Mg alloys hinders their further application 3, 4) . Common alloying elements for Mg alloys include Al 5, 6) , Zn 7, 8) , REs 8, 9) , Ca 10, 11) , and Sn [12] [13] [14] . Some elements such as Al and REs can improve corrosion resistance by improving the protective lm because a porous and loose oxide lm cannot suf ciently protect the Mg substrate. Song et al. 5) reported that an Al-containing oxide lm improves the performance of the protective lm. Pardo et al. 7) reported that the corrosion rate of AZ80 in 3.5% NaCl solution saturated with Mg(OH) 2 15) (0.16 mm·y
) was lower than that of high-purity Mg (0.25 ± 0.07 mm·y −1 ) in the same solution. Such enhancements of corrosion resistance are associated with Al enrichment on the metallic surface and the formation of an Al-rich oxide layer. Arrabal et al. 9) showed that REs can form RE-containing oxide lms to improve the alloys corrosion resistance. By contrast, other elements improve corrosion resistance by diminishing the cathodic reaction. According to Zeng et al. 16) and Azizi et al. 17) , elements with a high hydrogen overpotential, such as Al, Zn, Cd, and Sn, tend to make cathodic hydrogen evolution more dif cult. Nam et al. 13) reported that the corrosion current density of a sample containing 1 mass% Sn is approximately one-third that of an Mg-5Al-based alloy. Thus, Sn is an effective alloying element for improving the corrosion resistance of Mg alloys.
The Mg-Sn binary system is an important system among Mg-based alloys; alloys in this system are expected to exhibit favorable creep resistance and corrosion properties. In addition, microstructure plays an important role in determining corrosion behaviors 18, 19) . Studies have shown that a second phase can act as either a corrosion barrier or as a corrosion accelerator. Song et al. 18) reported that β phase served two roles. The β phase accelerates the corrosion when the β phase is with a small volume fraction. If the β fraction is high, then the β phase acts as a barrier. Zhao et al. 20) reported that if the second phase is nely divided, essentially continuous and the second phase itself has a lower corrosion rate than that of pure Mg, then the second phase can act as a corrosion barrier. Ambat et al. 19) reported that material with smaller grain size and ne β phase offered lower corrosion rate and better passivation. Most continuously distributed second phases act as a corrosion barrier.
For Mg-Sn system, Ha et al. 21) demonstrated the in uence of microstructure factors including the Sn content in the matrix and the presence of Mg 2 Sn on the corrosion behavior of Mg alloys. They showed that the overall corrosion behavior was strongly dependent on the volume fraction of the second phase phase. The Sn addition up to 8 mass% increased the overall dissolution rate of the alloys. Zhao et al. 12) studied the corrosion resistance and cytotoxicity of samples with Sn contents ranging from 1 to 7 mass%. They also demonstrated that corrosion resistance is related to the volume fraction and form of Mg 2 Sn phases. The results revealed that the corrosion rates of Mg-Sn alloys increased with increasing Sn content. Thus, according to previous studies, the occurrence of a second phase substantially affects the corrosion behavior of Mg alloys. In particular, both the volume fraction and morphology of the second phase affect various corrosion behaviors. However, the literature contains few studies on the effect of Sn on the stress corrosion behavior of Mg-Sn alloys.
Because many applications related to automobiles and biomedicine often involve stress under corrosion environments [22] [23] [24] , the stress corrosion cracking (SCC) behaviors of Mg alloys are an important consideration 25, 26) . Various methods of stress corrosion testing have been developed, including the slow strain rate test 27) and the bent-beam stress corrosion test 28) . The bent-beam stress-corrosion test is generally conducted by applying a constant strain on a sample 29) . Several types of bent-beam stress-corrosion tests have been developed, including the two-point bending test and the three-point *1 Undergraduate Student, National Chiao Tung University *2 Graduate Student, National Chiao Tung University bending test 30) ; the latter is commonly used because different loading conditions can be easily applied to the sample. In addition, bent-beam stress corrosion tests provide a qualitative analysis and can be used to investigate the crack growth path 31) . Despite a qualitative analysis of three-point bending test, many studies have simulated the stressed condition of implant in biological via three-point bending test 32, 33) . The application of magnesium alloys as biomaterial is a signicant issue [34] [35] [36] . Thus, we choose three-point bending stress corrosion tests to investigate the SCC behavior of the Mg-Sn system.
We here report the results of our study of the effect of Sn on the stress corrosion behavior of Mg-Sn alloys prepared with 2, 5, and 8 mass% Sn added. Preparing alloy specimens with various Sn contents enabled us to investigate the effects of the second phase and the dissolution of Sn into the matrix on the SCC behavior. The objective of this work was to clarify the effect of Sn on the SCC behavior of Mg-Sn alloys via bent-beam stress corrosion tests.
Experimental Procedure

Materials
Mg ingots were prepared by melting Mg (99.95%) and Sn (99.98%) at 720 C. Three Mg-Sn alloys were prepared with added Sn concentrations of 2, 5, and 8 mass%. To simplify, the unit % indicated mass% unless speci cally indicated in this study. The alloys were fabricated in a crucible electric resistance furnace under a protective atmosphere of SF 6 gas. The chemical compositions of all three alloys were subsequently determined by energy-dispersive X-ray spectroscopy (EDS). The as-cast samples for EDS analysis were cut from the middle of the ingots; the analysis results are presented in Table 1 . Samples with Sn contents of 2, 5, and 8% are hereafter denoted as S2, S5, and S8, respectively.
The overall phase structures of the test alloys were analyzed using X-ray diffraction (XRD, Bruker) with Cu Kα radiation. Scanning electron microscope (SEM) observations and EDS (Hitachi JSM 6700F) analyses were performed to identify the phases. The average grain size and distribution of the second phase were determined via the Image Pro software. The average grain size was calculated using the linear intercept method.
Homogenization annealing heat treatment
Osório et al. 37) demonstrated that segregation of as-cast alloys in uences their corrosion behavior. Tsai et al. 14) observed segregation in Mg-(2, 5, 8)% Sn alloys. To avoid experimental error, samples were subjected to homogenization annealing before the stress corrosion tests; the homogenization annealing heat treatment was carried out at 420 C for 6 h.
Samples subjected to homogenization annealing were subsequently examined by EDS; they are denoted by the pre x HA.
Solution heat treatment
To investigate the role of Sn in the matrix, we subjected as-cast samples S2, S5, and S8 to a solution heat treatment. The solution heat treatment was conducted at 480 C for 12 h. After the solution heat treatment, all the samples were examined by XRD to ensure that the second phase dissolved completely into the matrix. Samples subjected to the solution heat treatment are denoted by the pre x SHT.
Bent-beam stress corrosion tests
A schematic of the setup used for the bent-beam stress corrosion tests is shown in Fig. 1(a) . The three-point bending test mold was made of polyoxymethylene, which exhibits high strength, high corrosion resistance, and good chemical stability. Dimensions of the experimental sample are shown in Fig. 1(b) . According to the test method, the stress was applied by de ecting the sample and the applied stress at the middle of the sample was estimated. The applied stress was determined using the following equation 29) :
where σ is the maximum tensile stress, E is the elastic modulus, t is the sample thickness, y is the maximum de ection, and H is the distance between the outer supports. Samples for the bent-beam stress corrosion tests were cut into standard sizes and subsequently ground using silicon carbide abrasive papers to 4000 grit. The samples were cleaned with alcohol and acetone before testing. The corrosion medium was 3.5% NaCl aqueous solution exposed to air at room temperature for 3 d. The 3.5% NaCl solution, whose pH value was 6.0 ± 0.5, was prepared by dissolving 3.5 ± 0.1 parts by weight of NaCl in deionized water. After various immersion times, the middle part of each sample was cut and subsequently mounted in epoxy resin for observation of its cross-section ( Fig. 1(c) ). Each cross-section was examined by optical microscopy and SEM. 
Hardness test
This study used Vickers hardness (Future-Tech fm) to evaluate the microhardness of Mg-Sn alloys. The load of hardness test was 100 g, and the holding time of test was 10 s. The test points of test selected 12 points, which were randomly selected. Excluding the maximum and minimum values among these 12 points, and then average microhardness was calculated from the values of these 10 points. -(2, 5, 8) % Sn alloys Figure 2 shows the XRD patterns of samples HA-S2, HA-S5, and HA-S8. These patterns indicate that the HA samples consist of α-Mg and Mg 2 Sn phases. Figure 3 displays the HA sample microstructures. Thus, the second phase observed in Fig. 3 corresponds to the Mg 2 Sn phase. Figure 3(a)-(c) shows that the average grain size of samples HA-S2, HA-S5, and HA-S8 ranged from 90 to 100 μm. The result reveals that the difference in average grain size among the three samples is small; thus, the effect of grain size on the stress corrosion behavior was disregarded for HA samples. Figure 3(d) -(e) displays the second phase morphology of HA samples. The Mg 2 Sn phase mainly formed alone the grain boundaries. It also showed that there were second phase within the grains and the density of these increased with Sn content. The average volume fractions of the Mg 2 Sn phase were 0.07 ± 0.02%, 1.98 ± 0.42%, and 5.06 ± 0.92% for samples S2, S5, and S8, respectively. The density of second phase formed within the grain and along grain boundary increased with Sn content. Moreover, the morphology of the second phase changed from spherical to semi-continuous as the Sn content was increased from 2 to 8%; this is consistent with the reports in the literature. Liu et al. 38) studied the microstructure of Mg-(1-10)mass%Sn alloys. They reported that the size and volume fraction of the Mg 2 Sn phases increases and tends to form semi-continuous network on the grain boundary with increasing tin concentration.
Results and Discussions
Microstructure of Mg
To evaluate the effect of matrix Sn on the stress corrosion behaviors, we analyzed each HA sample using EDS. Table 2 shows the EDS analysis results for the matrices of the HA samples. As evident in the table, differences were observed in the matrix Sn contents among the three HA samples. Thus, in the case of this study, we propose that these two variables the Sn content in the matrix and the presence of the Mg 2 Sn second phase affect the SCC behaviors.
To clarify each effect, we subjected the as-cast samples to an SHT process. Figure 4 displays the SHT sample microstructures. The difference in average grain size among SHT samples was small and could be disregarded. From the gure, it shows that the second phase dissolved into the matrix during the SHT. The samples subjected to the SHT should therefore consist of a nearly homogeneous solid solution and be single phase. Figure 5 shows the XRD patterns of samples SHT-S2, SHT-S5, and SHT-S8; the Mg 2 Sn diffraction peaks disappeared and only α-Mg peaks remained after the SHT. These results indicate that the Mg 2 Sn phase dissolved into the matrix during the SHT, thereby enabling us to investigate each variable separately by comparing the SCC behaviors of HA and SHT samples.
Hardness test
The mechanical property is important for SCC test. To investigate the in uence of microstructure on mechanical property, HA and SHT samples underwent hardness test. Figure 6 shows the microhardness increases with Sn content for both HA and SHT samples. The increasing of microhardness for HA samples was attributed to both solid solution hardening and precipitation hardening. The high second phase volume fraction of HA-S8 sample induced high microhardness. Second phase dissolved during SHT therefore precipitation hard- ening mechanism eliminated. Samples after SHT process reduced the microhardness. The microhardness increased with Sn content of SHT samples was attributed to solid solution hardening.
Bent-beam stress corrosion tests of Mg-(2, 5, 8)% Sn alloys
To evaluate the in uence of the Sn content in the matrix and the presence of the Mg 2 Sn second phase on the mechanism of SCC, we divided the SCC behavior into three steps: (i) pit occurrence, (ii) crack initiation, and (iii) crack propagation..
Pit distribution of Mg-(2, 5, 8)%Sn alloys
The pit morphology was uniformly observed after 5 h of bent-beam stress corrosion testing. Figure 7 shows the pit distribution image of HA samples. From the gure, the pit density refers to the number of pits per millimeter. The observation length was 2 mm from the center of the sample. Figure 8 shows the average pit density of samples under various conditions. The average pit density was calculated from the values of three different samples for each condition.
To clarify the effect of each factor on pit density, SHT samples subjected to 5 h of stress corrosion testing were discussed. The Sn content in the matrix was the only factor that affected the pit distribution under SHT conditions. The average pit density decreased with increasing Sn content in the matrix under SHT conditions, consistent with previous research. Bowles et al. 39) reveals that the addition of tin reduces the free corrosion potential in comparison to pure magnesium. Park et al. 40) reported that the presence of Sn stabilized the Mg(OH) 2 layers and decreased anodic current density. However, the decreasing extent of pit density for SHT samples was slight. The average pit density remained essentially constant for SHT samples. Thus, the effect of matrix Sn on pit density was slight and could be ignored in this study.
The pit distribution of HA samples subjected to 5 h of stress corrosion testing was investigated. From Fig. 8 , the HA-S2 sample exhibited the lowest pit density among HA samples after 5 h of testing. Compared with the number of pits in sample HA-S2, that in samples HA-S5 and HA-S8 was substantially greater. Sample HA-S8 exhibited the highest average pit density, which was approximately 1.5 times greater than that of sample HA-S2. The average pit density of the SHT samples was lower than that of the HA samples. Figure 8 shows that pits varied slightly and almost remained constant for SHT samples. However, results show signi cant increased pit density with increasing Sn content for HA samples. This revealed that increasing pit density of HA samples were correlated with increasing volume fraction of second phase. Previous studies have shown that a second phase will cause a galvanic effect and become stress-intensity areas 41, 42) . In this study, the second phase became coarser and semi-continuous with increasing Sn addition. Also, the volume fraction increased with increasing Sn content. HA samples with a dense and semi-continuous second phase exhibited a high pit density. The average pit density of sample HA- S8 was approximately two times greater than that of sample SHT-S8. Thus, pit density could be decreased through the SHT.
Effect of Sn content on crack initiation
With increasing bent-beam stress corrosion test time, cracks subsequently initiated. HA and SHT samples under stress corrosion testing were observed hourly to determine the time at which cracks initiated. Three specimens were used to determine the crack initiation for each condition. Figure 9 shows the crack initiation image of HA-S5 and SHT-S5 sample. From the gure, it shows that crack occurred at the grain boundary. Table 3 lists the time to crack initiation. Among the HA samples, sample HA-S2 exhibited the longest crack initiation time of approximately 10 h, whereas sample HA-S8 exhibited the shortest crack initiation time. The initiation of cracks in the SHT samples was also observed. The SHT samples exhibited longer crack initiation times than the corresponding HA samples. For HA samples, second phase along the grain boundary induced micro-galvanic corrosion and consequently SCC along the grain boundaries. The role of second phase was to accelerate crack initiation time; the SHT effectively delayed crack initiation.
Effect of Sn content on crack propagation
Studies have shown that the SCC of Mg alloys occurs through transgranular stress corrosion cracking (TGSCC), intergranular stress corrosion cracking (IGSCC), or a mixed TGSCC/IGSCC mode 43, 44) . The mode of SCC depends on the composition 44) and microstructure 45) of the alloy and possibly on environmental factors such as pH 25) . Figure 10 shows cross-section images of HA and SHT samples after bentbeam stress corrosion tests conducted for 1 d. As evident in the gure, the mechanism for SCC of the HA and SHT samples was IGSCC. HA and SHT samples were under stress corrosion test for 3 d. The cross-section of each sample was imaged using SEM to measure the crack depth every 12 hours. The average crack depth was calculated from the depth of ve cracks close to center. Figure 11 shows the crack propagation rate of HA and SHT samples. In this graph, the crack depth with time was a non-linear relation, which may be a consequence of the characteristics of the three-point bending test. Koch 31) reported that the stress conditions change such that the outer layer of the specimen is not subject to a tensile stress alone after a crack has formed; this is the bent-beam stress corrosion test is a qualitative rather than a quantitative method. Nonetheless, all crack propagation rates of the HA samples were higher than those of the SHT samples. The second phase causes substantial acceleration of micro-galvanic corrosion of the adjacent matrix phase. The highest propagation rate in the case of sample HA-S8 is attributable to the micro-galvanic corrosion of semi-continuous second phase on the grain boundaries. The semi-continuous Mg 2 Sn phase along the grain boundaries became an ef cient path for intergranular cracking. We classi ed the SCC mechanisms into anodic SCC and cathodic SCC. Anodic stress corrosion cracks progress along active paths such as grain boundaries, second phases, or speci c crystal planes 46) . Thus, the IGSCC mode usually occurs under anodic-SCC-dominant conditions. By contrast, TGSCC occurs under cathodic SCC conditions. In this study, we suggest that the SCC mechanism might dominate via anodic SCC. Thus, the Mg 2 Sn phase along grain boundaries became an active path for crack growth. Moreover, the crack propagation rate in this study was approximately 10 ). Thus, the SCC mechanism was dominated by anodic SCC.
In this study, second phase functioned as a SCC accelerator during the stress corrosion tests. Through dissolving the second phase into matrix, the SHT delayed the time to crack initiation and decreased crack growth rate for the Mg-Sn system. Sample SHT-S8, which exhibited the longest crack initiation time and lowest crack propagation rate, also exhibited the best SCC resistance. 
Conclusions
